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The gross weight and uranium investment  of nuclear-powered, d i r e c t -  
air ,  s h i e l d l e s s ,  ram-jet; missiles are calcula.-ted for a l t i t u d e s  of  50,000 
t o  80,000 feet  and f l i g h t  Mach numbers of 2 . 5  and 3.0. The r e a c t o r  
e f f e c t i v e  w a l l  t empera ture  f o r  most of the s t u d y  w a s  t aken  as 1800' R,  
which g ives  peak w a l l  t empera tures  of about  22W0 R .  

For a pay l o a d  of  10,000 pounds ( i n c l u 3 i n g  guldance and c o n t r o l s  
w i t h  s h i e l d i n g ,  and f i x e d  equipment), f l i g h t  above 70,000 feet was n o t  
feasible w i t h  a r e a c t o r  e f f e c t i v e  wall t empera ture  of  1800' R.  
o r d e r  t o  o p e r a t e  a t  80,000 feet w i t h  a f l i g h t  Mach number of  3.0, an 
e f f e c t i v e  w a l l  t empera ture  of  about  2300' R vas necessary .  

In 

A t  70,000 feet and a f l i g h t  Mach number of 3.0, a uranium i n v e s t -  
ment of 81 pounds and a miss i le  gross weight of  64,060 pounds were 
necessary .  

The r e a c t o r  o p e r a t i n g  c o n d i t i o n s  were v a r i e d  t o  enab le  s e l e c t i o n  
of  v a l u e s  g i v i n g  a good compromise 'between low uranium investment  and 
low gross weight a t  each  a l t i t u d e  and f l i g h t  Mach nulllber cons idered .  
The cor responding  va lues  of r e a c t o r  and missile o p e r a t i n g  c o n d i t i o n s  

'The r e s u l t s  of  t h i s  s t u d y  were presented  t o  the S c i e n t i f i c  Advi- 
sory  Board a t  the March 23, 1955 meet ing he ld  a t  the Rand Corpora t ion ,  
San ta  Monica, C a l i f o r n i a  by M r .  A. M. Robhrock of NACA Headquarters .  
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are p resen ted  i n  t h e  r e p o r t .  
weight and uranium investment t o  c r i t i c a l  assumptions such as l i f t - d r a g  
r a t i o ,  s t ruc tu re - to -g ross -we igh t  r a t i o ,  pay load ,  and r e a c t o r  e f f e c t i v e  
w a l l  temperature  w a s  determined f o r  an a l t i t u d e  of 50,000 feet  and 
f l i g h t  Mach number of 2.5.  The c h i e f  r e s u l t s  of t h e s e  c a l c u l a t i o n s  are ' 

t h a t  (1) l i f t - d r a g  r a t i o s  as low as 3.5 could be t o l e r a t e d ,  ( 2 )  
s t ruc tu re - to -g ross -we igh t  r a t i o  had r e l a t i v e l y ' s m a l l  e f f e c t  on uranium 

sinvestment and gross weight,  (3) doubl ing t h e  pay load  doubled t h e  g ross  
weight h u t  d i d  n o t  a p p r e c i a b l y  a f f e c t  uranium investment,  and 
e f f e c t i v e  w a l l  t empera tu res  below 16000 R gave excess ive  uranium i n v e s t -  
ments and g r o s s  we igh t s .  M 

The s e n s i t i v i t y  of t h e  missile g ross  

R 

(4) r e a c t o r  IC 
IC 
IC 

INTRODUCTION 

A major problem i n  nuclear-powered f l i g h t  is t h e  heavy s h i e l d  re- 
qu i r ed  f o r  crew p r o t e c t i o n .  Eeavy s h i e l d s  r e q u i r e  high-gross-weight 
a i r p l a n e s  w i t h  r e a c t o r s  of h igh  power p e r  u n i t  volume. A s h i e l d l e s s  
r e a c t o r  greatly reduces  these problems. However, i t s  u s e  is r e s t r i c t e d  
t o  remotely c o n t r o l l e d  aircraft such as guided missiles. The l o s s  of 
f i s s i o n a b l e  material a s s o c i a t e d  w i t h  t h e  use of one-way guided missiles 
must be balanced a g a i n s t  t h e  complexity,  c o s t ,  and d i f f i c u l t  ground 
hand l ing  and maintenance of high-gross-weight,  man-carrying, nuc lea r -  
powered aircraft .  

The nuclear-powered, d i r e c t - a i r ,  ram-jet missile, which is  consid-  
e red  i n  r e f e r e n c e  1 and the p r e s e n t  r e p o r t ,  was first s t u d i e d  i n  refer- 
ence 2 .  Reference 2 shows t h a t  a beryllium-oxide-moderated, d i r e c t - a i r ,  
ram-jet missi le  was feasible wi th  r e a c t o r  s u r f a c e  temperatures  of 
3600° F j  t h i s  r e s u l t  was 'based on a missile l i f t - t o - d r a g  r a t i o  e s t ima ted  
a t  less than 1.5 from t h e  best d a t a  available a t  t h a t  time. I n  t h e  
years t h a t  fol lowed,  t h e  fund of aerodynamic and n u c l e a r  design d a t a  
greatly inc reased  s o  t h a t  bet ter  performance estimates could be made. 
Reference 1, w i t h  t h e  u s e  of th i s  new d a t a ,  shows that nuclear-powered 
ram-jet missiles are feasible w i t h  effective w a l l  temperatures  as low 
as 1800OR. This large r e d u c t i o n  i n  r e a c t o r  temperature  was  made pos- 
sible c h i e f l y  because t h e  missile l i f t - t o - d r a g  r a t i o  was es t ima ted  at 
about  5.0 i n s t e a d  o f  less than 1.5 as i n  reference 2. 

The p r e s e n t  s t u d y  r e p r e s e n t s  an ex tens ion  of r e f e r e n c e  1 t o  d e t e r -  
mine the feasibil i ty of the nuclear-powered s h i e l d l e s s  r a m  j e t  as a 
h i g h - a l t  i t u d e  missile. 

9' 

!X.!RIPTIOIV. OF CYCLE 

owered, s h i e l d l e s s ,  ram-jet missile 
and is i d e n t i c a l  t o  t h a t  r e p o r t e d  i n  



NACA RM E55G21 3 

cJ4 
4 
UI 
4 

r e f e r e n c e  1. The nuclear-powered ram j e t  combines the convent iona l  
d i f f u s e r  and exhaust nozz le  w i t h  a nuc lea r  r e a c t o r  i n  p l a c e  of chemical 
f u e l  t o  supply  heat. The d i f f u s e r  d e c e l e r a t e s  the f'ree-stream air be- 
f o r e  it e n t e r s  the r e a c t o r  passages .  ?!e a i r  is heated i n  the  r e a c t o r  
by c o n t a c t  w i t h  the  h o t  wills arid then d ischarged  i n  a f u l l y  expanding 
nozz le  t c  provide  t h r u s t .  The engine,  c o n s i s t i n g  of d i f f u s e r ,  r e a c t o r ,  
and exhaus t  nozz le ,  makes up t h e  f u s e l a g e  t o  which the requ i r ed  wing 
and t a i l  s u r f a c e s  are a t t a c h e d .  

The r e a c t o r  i s  moderated by b e r y l l i m  oxiee .  A number o f  0.50- 
inch-inside-diameter  smoot,h passages are provided through the modePator 
f o r  d i r e c t - a i r  cool ing .  
through t h e  beryl l ium-oxide moderato-r o r  concent ra ted  nea r  the s u r f a c e  
o f  the a i r - f l o w  passages .  
mined by the hea t - - t r ans fe r  and a i r - f l o w  requi rements .  The r e a c t o r  has 
3-inch beryl l ium-oxide end r e f l e c t o r s  no s i d e  r e f l e c t o r s  and no 
s h i e l d i n g  inasmuch as the m i s s i l e  is unmanned. 

T'he uranium can be assumed t o  be d i s t r i b u t e d  

The l e n g t h  and number of' passages are d e t e r -  

Ca lcu la t ions  w r e  made t o  determine t h e  best r e a c t o r  and missile 
ope ra t ing  cond i t ions  f o r  l o w - t e q e r a t u r e ,  d i r e c t - a i r ,  s b i e l d l e s s ,  ram- 
j e t  missiles o p e r a t i n g  a t  a l t i t u d e s  of  50,000 t o  80,000 fee t  and f l i g h t  
Mach numbers of 2.5 and 3.0. The r e a c t o r  i n l e t - a i r  Mach number and 
r e a c t o r  f ree- f low ra-';io were s y s t e m t i c a l l y  v a r i e d  t o  inc lude  va lues  
g iv ing  t h e  "best" combination of low gross weight  and low uranium i n -  
vestment a t  each  f l i g h t  cond i t ion .  The best va.lues of  gross weight and 
uranium investment and corresponding r e a c t o r  and m f s s i l e  ope ra t ing  con- 
d i t i o n s  were then  p l o t t e d  as f u n c t i o n s  of  a l t i t u d e  and f l i g h t  Mach 
number. 

The best ope ra t ing  cond i t ion  is d i f f t c u l t  t o  establish. h expend- 
able missile should be low i n  c o s t  and use  a minimum m o u n t  o f  uranium. 
As w i l l  be shown later i n  the s e c t i o n  RESULTS ANI, DISCUSSION, the oper- 
a t i n g  cond i t ion  g i v i n g  tninimum uranium i s  n o t  always th.at  giving lowes t  
gross weight and acco rd ing ly  n o t  the  lowest  i n  c o s t .  Frequent ly ,  a 
s l igh t  i n c r e a s e  i n  uranium investment might reduce  the gross weight 
s u f f i c i e n t l y  t o  lower the o v e r - a l l  c o s t .  

I n  t h i s  r e p o r t  the  *best ope ra t ing  cond i t ion  was taken  as the mini- 
mum uranium cond i t ion  u n l e s s  a s l i gh t  inc rease  i n  uranium investment 
gave s u b s t a n t i a l  weight sav ings .  I n  t h i s  case the best  ope ra t ing  con- 
d i t i o n  was  s e l e c t e d  q u i t e  arbitrarily by inspec t ion  of  the r e s u l t s  
s i n c e  a d e t a i l e d  c o s t  a n a l y s i s  was beyond the scope of th i s  r e p o r t .  

For these c a l c u l a t i o n s  the pay load  ( inc lud ing  guidance and t o n -  
t r o l s  w i t h  s h i e l d i n g ,  and f i x e d  equipment) was assumed t o  be 10,9900 
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pounds. I n  o rde r  t o  be conse rva t ive ,  the  r e a c t o r  e f f e c t i v e  wall t e m -  
p e r a t u r e  was  ass igned  a va lue  of  1800° R .  The r e a c t o r  e f f e c t i v e  w a l l  
t empera ture  i s  de f ined  as the cons t an t  wnll t empera ture  which g ives  the 
same a i r - t empera tu re  rise as the a c t u a l  r e a c t o r  variable w a l l  tempera- 
t u r e .  Reference 1 shows tha t ,  by vary ing  the f ree- f low r a t i o  s i n u s o i -  
d a l l y  w i t h  a mean va lue  of  9.35, the peak r e a c t o r  wall t empera ture  would 
be about  400' R h ighe r  t han  the e f f e c t i v e  va lue .  
p e r a t u r e  was t h e r e f o r e  about  2200° R .  
uranium d i s t r i b u t i o n .  F u r t h e r  r educ t ion  i n  peak w a l l  t empera ture  can be 
expected by a more f avorab le  d i s t r i b u t i o n  of uranium. The r e a c t o r  
o u t l e t - a i r  tempera.ture w a s  he ld  c o n s t a n t  a t  the choking va lue  minus 
90° R .  Reference 1 i n d i c a t e s  that  the close-to-minimum uranium i n v e s t -  
ment and low g ross  weight  occur red  a , t  r e a c t o r  o u t l e t - a i r  t empera tures  
which were i n  the r ange  of  30° t o  90' R less than  the v a l u e  which caused 
choking. 
t o  be conse rva t ive .  

The peak r e a c t o r  t e m -  
Th i s  c a l c u l a t i o n  assumed uniform 

The v a l u e  o f  90° R w a s  chosen f o r  -the p r e s e n t  s t u d y  i n  o rde r  

The uranium-investment c a l c u l a t i o n s  assumed tha t  (1) on ly  b e r y l l i u m -  
oxide,  uranium 235, and void  are presen-t; i n  the r e a c t o r  co re ;  (2 )  t h e  
d i s t r i b u t i o n  o f  a l l  materials and voids  wi th in  the r e a c t o r  is  uniform; 
(3) the 3- tnch- th ick  beryl l ium-oxide end r e f l e c t o r s  have the same void  
f r a c t i o n  as the  co re ;  (4) the r e a c t o r  mean t a p e r a t u r e  i s  1800' R; and 
(5) no extra uranium is  included f o r  c o n t r o l  o r  burn-up. 

The deka i l ed  method o f  ca l c i l l a t ion  is the  same as that i n  
appendix B o f  r e f e r e n c e  1. 

The uranium investment ,  missile gross weight amd o t h e r  o p e r a t i n g  
parameters are presented  i n  figures 2 t'3 5 and are t a b u l a t e d  i n  table I 
f o r  the  fo l lowing  r ange  o f  ope ra t ing  cond i t tons :  

F l i g h t  Mach number I 2.5  I 3.0 I 
A l t i t u d e ,  f t  50,OOOy 60,000, '70,000 a60,000, 70,000 

Reactor  e f f e c t i v e  w a l l  
t empera ture ,  OR 1.800 1800 - 

Reactor  o u t l e t - a i r  
t empera ture  , OR 

aCa lcu la t ions  were a l s o  made f o r  an a l t i t u d e  of  80,000 f t  and f l i g h t  
Mach number o f  3.0. I n  o rde r  t o  ob ta in  a reasonab le  missile a t  t h e s e  
c o n d i t i o n s ,  the  e f f e c t i v e  w a l l  t empera ture  must be cons ide rab ly  
greater t h a n  18000 R; hence,  r e s u l t s  f o r  t h i s  case are d i scussed  b u t  
n o t  presented  i n  the  f i g u r e s  
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Condit ions on Ram-Je t  Performance 

Ef-fect o f  r e a c t o r  f r ee - f low r a t i o  and i n l e t - a i r  Mach number on 
uranium investment and gross weight .  - The uranium "Investment and m i s -  
s i l e  gross weight are p l o t t e d  f n  f i g u r e  2 as h n c t i o n s  of the r e a c t o r  
fkee-flow r a t i o  ( f r ee - f low mea divided SY f r o n t a l  area) and r e a c t o r  
i n l e t - a i r  Mach number f o r  each ccxubinalfcn or' a l t i t u d e  and f l i g h t  Mach 
number. I n  g e n e r a l ,  with i n c r e a s i n g  f r ee - f low r a t i o ,  t h e  gross weight 
and r e a c t o r  diameter  dec rease ,  g i v i n g  a n e t  dec rease  rPn uranium i n v e s t -  
ment, u n t i l  a p o i n t  Ps reached where f u r t h e r  r e d u c t i o n  i n  r e a c t o r  d i m -  
eter causes  an I n c r e a s e  i n  uranium investment.  The va lues  of f r ee - f low 
r a t i o  and i n l e t - a i r  Mach number which g i v e  the best  combination of l o w  
gross weight and low uranium investment f o r  each f l i g h t  cond i t ion  are 
i n d i c a t e d  on the f i g u r e .  

--_. 

E f f e c t  of a l t i t u d e  and p l i g h t  Mhch number on uranium investment 
and gross weight.  - The uraniua! investment and missile gross weight are 
p l o t t e d  i n  f i g u r e  3 as €'unctions of a l t i t u d e  and f l i g h t  .Mach number us-  
i n g  the best -operat ing-polnt  v a l u e s  o f  r e a c t o r  f r ee - f low r a t i o  m d  Ipe- 

a c t o r  in le t -a i r  Mach number (from f i g .  2)  at each f l i g h t  c o n d i t i o n .  
For a f l i g h t  Mach number of 2.5, t h e  uranium invesf,ment i n c r e a s e s  from 
30 pounds t o  222 pounds and the gross weight i n c r e a s e s  from 32,000 t o  
82,000 pounds as t h e  a l t i t u d e  i s  inc reased  from 50,000 t o  70,000 feet .  
A t  a f l i g h t  Mach number of' 3.0, the  uranium investmelit increases from 
35 t o  81 pounds and the gross weight  l n c r e a s e s  from 38,000 t o  64,000 
pounds as t h e  a l t i t u d e  is  inc reased  .from 60,000 t o  70,000 feet .  

For an a l t i t u d e  of 80,000 feet, it was impossible  t o  ob ta in  a 
reasonab le  missile w i t h  8, r e a c t o r  e f f e c t i v e  w a l l  t empera tu re  of 1800° R. 
Because of the dec reas ing  air  d e n s i t y  w i t h  i n c r e a s i n g  a l t i t u d e ,  the 
weight of t h e  r e a c t o r  p e r  pound of air f l o w  i n c r e a s e s .  I n  o r d e r  t o  
keep t h e  missile gross  weight r easonab le ,  the r e a c t o r  weight p e r  u n i t  
of a i r  f low must be reduced. 
f l ow r a t i o  o r  by i n c r e a s i n g  the air d e n s i t y .  
r a . t i o  t o  va lues  necessa ry  f o r  r easonab le  gross weight g ives  excess ive  
uracium investments .  The air d e n s i t y  can be inc reased  by i n c r e a s i n g  
t h e  f l i g h t  Mach number. U n f o r t m a t e l y ,  i r x r e a s i n g  the f l i g h t  speed 
dec reases  t h e  l;hrus% p e r  u n i t  air flow s u f f i c i e o t l y  t o  cause excess ive  
i n c r e a s e s  i n  gross weight .  The only way t o  ob ta in  a reasonab le  ram-jet 
missi le  a t  80,000 feet is  t o  i n c r e a s e  the r e a c t o r  e f f e c t i v e  wall t e m -  
p e r a t u r e .  C a l c u l a t i o n s  i n d i c a t e  t h a t  an effective w a l l  temperature  of 
about  2300' R i s  r e q u i r e d  f o r  operat ior :  a t  an a l t i t u d e  of 80,000 feet 
w i t h  a f l i g h t  Mach number of 3.0; t h e  uranium investmerzt and gross 
weight a t  t h i s  cond i t ion  are 1 6 1  pounds and 76,000 pounds, r e s p e c t i v e l y .  

T h i s  can 3e done by i n c r e a s i n g  t h e  free- 
I n c r e a s i n g  the fPee-flow 
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E f f e c t  of  a l t i t u d e  and f l i g h t  Mach number on r e a c t o r  and missile 
parameters. - The best va lues  of  r e a c t o r  f ree- f low r a t i o ,  r e a c t o r  diam- 
e te r ,  r e a c t o r  l e n g t h ,  t h r u s t  p e r  pound of  air, t h r u s t  minus body d rag  
per pound of  air ,  t h r u s t  minus body drag per pound of  r e a c t o r ,  air  flow, 
r e a c t o r  heat release, s t r u c t u r e  (wing, ta i l ,  and body s h e l l )  t o  gross 
weight r a t i o , . a n d  missile l i f t - t o - d r a g  r a t i o  are p l o t t e d  i n  f i g u r e  4 as 
f u n c t i o n s  of  a l t i t u d e  and f l i g h t  Mach nunber.  For convenience,  best 
va lues  o f  these parameters, as w e l l  as o t h e r s ,  are a l s o  given i n  table I 
f o r  the  range  of  f l i g h t  cond i t ions  s t u d i e d .  t- 

r U 

pc E f f e c t  o f  a l t i t u d e  and f l i g h t  Mach number on miss i le -weight  break-  
down. - The missile-weight breakdown as a func t ion  o f  a l t i t u d e  and 
f l i g h t  Mach number i s  shown i n  figure 5. The component weights  consid-  
ered are (1) r e a c t o r ,  (2)  missile body shel l ,  (3) wing and ta i l  sur- 
f a c e s ,  and (4) pay load  ( inc lud ing  guidance and c o n t r o l s  w i t h  s h i e l d i n g ,  
and fixed equipment).  The 
a c t u a l  component weights are given i n  table I f o r  a , l l  the  f l i g h t  con- 
d i t i o n s  cons idered .  

- 

The ass igned  pay load  was 10,000 pounds. 

Effect o f  Assumptions on R a m - J e t  Performance 

Add i t iona l  c a l c u l a t i o n s  were made t o  snow the effects o f  a i r p l a n e  
l i f t - t o - d r a g  r a t i o ,  structu~re-to-gross-weight r a t i o ,  pay l o a d ,  and re- 
a c t o r  e f f e c t i v e  wall t empera ture  on uranium investment and missile gross 
weight. These parameters were independent ly  va r i ed  over a range  of  
va lues  f o r  an a l t i t u d e  of  50,000 feet  and a f l i g h t  Mach number o f  2.5 
( r e f e r e n c e  f l i g h t  c o n d i t i o n ) .  The r e s u l t s  are presented  i n  f i g u r e s  6 
t o  9 .  
is i n d i c a t e d  on t h e  corresponding figure. 

The r e f e r e n c e  va lue  of  the p a r t i c u l a r  parameter be ing  cons idered  

E f f e c t  o f  a i r p l a n e  l i f t - t o - d r a g  r a t i o  on g ross  weight and uranium 
investment .  - Uranium investment  and missile gross weight are p l o t t e d  
i n  f i g u r e  6 as a f u n c t i o n  of  a i r p l a n e  l i f t - t o - d r a g  r a t i o  f o r  t h e  ref- 
e rence  f l i g h t  cond i t ion .  A r educ t ion  i n  l i f t - t o - d r a g  r a t i o  from the 
r e f e r e n c e  v a l u e  of 5 . 2 1 t o  a v a l u e  of  4.0 g ives  no appreciable change 
i n  uranium investment  b u t  i n c r e a s e s  the gross weight from 32,000 t o  
65,000 pounds. 
weight would be abou t  190,000 pounds and t h e  uranium investment about  
75 pounds. The i n c r e a s e  i n  uranium investment a t  the larger va lues  of 
l i f t - t o - d r a g  r a t i o  r e s u l t s  from the  r e a c t o r  diameter  dec reas ing  below 
t h e  v a l u e  g i v i n g  minimum uranium investment .  

If the l i f t - t o - d r a g  r a t i o  were as low as 3.5, the gross 

E f f e c t  of  s t ruc ture- to-gross-weight  r a t i o  on gross weight  and 
uranium investment .  - Uranium investment  and gross weight are p l o t t e d  
i n  f i g u r e  7 as a f u n c t i o n  o f  s t ruc ture- to-gross-weight  r a t i o  f o r  the 
r e f e r e n c e  f l i g h t  c o n d i t i o n .  
wing- and t a i l - s u r f a c e  weights  and the  missi le  body-shel l  weight .  
r e f e r e n c e  va lue  is  0.135 a t  the r e f e r e n c e  f l i g h t  cond i t ion  ( f ig .  4 ) .  

The s t r u c t u r e  weight  is  the  sum of the  
The 



NACA RM E55G21 7 

A 50-percent  i n c r e a s e  i n  s t ruc ture- to-gross-weight  r a t i o  t o  about  0.20 
gives no a .ppreciable  change i n  uranium investment  and an  i n c r e a s e  i n  
gross weight  from 32,000 t o  40,000 pounds. 

E f f e c t  o f  pay load  on gross weight  and urenivtm investment .  - Uranium 
investment  and gross  weight  are p l o t t e d  i n  f i g u r e  8 as a f u n c t i o n  o f  pay 
load .  
s h i e l d i n g ,  and f i x e d  equipment) is  10,000 pouiids ( f ig .  5). 
shows tha t  gross weight  is, f o r  a l l  p r a c t i c a l  purposes ,  d i r e c t l y  propor-  
t i o n a l  t o  pay load;  - increasing t h e  pay load  from 10,000 t o  20,000 pounds 
( f i g .  8) i n c r e a s e s  the gross weight fro= about  32,000 t o  63,000 pounds. 

A t  a pay load  of 10,000 poxnds, t h e  r e a c t o r  diameter  is s l igh t ly  less 
than  that  g i v i n g  minimum uranium investment  I Hence, a s  i n c r e a s e  i n  pay 
load  (which i n c r e a s e s  r e a c t o r  d iameter )  caiises a s l igh t  r educ t ion  i n  
uranium investment ,  while a decrease i n  pay l o a d  {from 10,000 lb )  causes  
an i n c r e a s e  i n  uranium Lnvestment a 

The r e f e r e n c e  pay l o a d  ( inc lud ing  guidance and c o n t r o l s  w i t h  
The curve  

w 
4 cn 
4 

E f f e c t  o f  r e a c t o r  average wall temperature  on gross weight and - 
uranium investment .  - Uranium investment  and gross  weight are p l o t t e d  i n  
figure 9 as a func t io i i  of  r e a c t o r  effect ive w a l l  temperature  f o r  the 
r e f e r e n c e  f l j - g h t  c o n d i t i o n .  The r e f e r e n c e  v a l u e  of effect ive w a l l  t e m -  
p e r a t u r e  is 1800' Ii, where a r e a c t o r  f ree- f low r a t i o  o f  0.45 and r e a c t o r  
i n l e t - a i r  Mach nunber of 0.30 gave t h e  best  combination o f  low gross  
weight  and low uranium investment  ( f i g .  2 ( a ) ) .  
o f  r e a c t o r  f r ee - f low r a t i o  and in l - e t - a i r  Mach number used a t  other 
va lues  o f  e f fec t ive  w a l l  terriperature ( t a b u l a t e d  i n  f'ig. 9) are n e i t h e r  
f o r  minimum uranium or minimum gross  weigkl, b u t  a good combination of 
bo th .  Consequently,  e i ther  curve  i n  f i g u r e  9 could be s h i f t e d  t o  show 
an  improvement, b u t  a t  t h e  expense of the o t h e r .  F igu re  9 shows tha t  a 
dec rease  i n  r e a c t o r  ef2ective w a l l  t empera ture  from 1800' t o  1600' R re- 
s u l t s  i n  an i n c r e a s e  i n  gross  weight from 32,000 pounds t o  80,000 pounds 
w i t h  cor responding  i n c r e a s e  i n  uranium investment  from 33 t o  5 7  pounds. 
A f u r t h e r  r educ t ion  i n  w a l l  t empera ture  gives p r o h i b i t i v e  increases i n  
gross  weight  a.nd uranium investment  

S i m i l a r l y ,  the va lues  

E f f e c t  of  s t a i n l e s s  s tee l  i n  r e a c t o r ,  s i d e  r e f l e c t i o n ,  and non- 
uniform power d i s t r i b u t i o n .  - These e f fec ts ,  cons idered  i n  d e t a i l  i n  ref- 
erence  1, are br ie f ly  summarized. 

PI_ 

I n  t h e  even t  t ha t  s t a i n l e s s - s t e e l  t u b e s ,  w i t h  an  i n s i d e  d iameter  o f  
0.50 i n c h  and a w a l l  t h i c k n e s s  up  t o  0.010 inch ,  are i n s e r t e d  i n  the 
beryl l ium-oxide moderator t o  c o n t a i n  t h e  f i s s i o n a b l e  materials, an i n -  
crease i n  uranium investment  is reqiiired. 
d i t i o n ,  t h e  uranium investment  would i n c r e a s e  from 30 pounds ( f ig .  3) 
w i t h  no s t a i n l e s s  s teel  i n  the r e a c t o r  t o  160 pounds w i t h  0.010-inch- 
w a l l  s t a i n l e s s - s t e e l  t u b e s  i n  the r e a c t o r .  

A t  the  r e f e r e n c e  f l i g h t  con- 

0 
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Reactor  s i d e  r e f l e c t i o n  i s  n o t  considered f o r  the p r e s e n t  a p p l i c a -  
t i o n .  Ac tua l ly ,  r e f e r e n c e  1 shows t h a t  the a d d i t i o n  of  s i d e  r e f l e c t o r  
( i n  the c a s e  o f  a f i x e d - s i z e  missi le  w i t h  r e a c t o r - p l u s - r e f l e c t o r  d ian-  
eter, air  flow, and r e a c t o r  i n l e t - a i r  Mach number and hence o v e r - a l l  
f r ee - f low r a t i o  h e l d  c o n s t a n t )  r e s u l t s  i n  a n e t  i n c r e a s e  i n  uranium in -  
vestment .  That is, the  i n c r e a s e  i n  f ree- f low r a t i o  of  t h e  c o r e  a lone ,  
as s i d e  r e f l e c t o r  is added, t ends  t o  i n c r e a s e  the  uranium investment  
while r e f l e c t o r  s av ings  t end  t o  dec rease  the investment .  The n e t  re-  
s u l t  is that uranium investment i n c r e a s e s  about  20 pe rcen t  by t h e  addi -  
t i o n  o f  a 3- inch  s i d e  r e f l e c t o r .  

t- 
u3 
t- 
m 

The effect o f  nonuniform power d i s t r i b u t i o n  is t o  i n c r e a s e  the d i f -  
f e r e n c e  between the r e a c t o r  e f f e c t i v e  w a l l  temperature  and the a l lowable  
peak tempera ture  i n  the c e n t e r  of  the r e a c t o r .  This  temperature  d i f -  
f e r e n c e  nay be reduced by a s u i t a b l e  r a d i a l  v a r i a t i o n  of f ree- f low r a t i o  
( h e a t - t r a n s f e r  s u r f a c e  area). For example, i n  r e f e r e n c e  1 it i s  shown 
tha t  f o r  a given r e a c t o r  conf igu ra t ion  and average  w a l l  t e n p e r a t u r e  of  
2200' R ,  the peak tempera ture  of -the c e n t e r  'cube was 4100' R w i t h  un i -  
form f r ee - f low v a r i a t i o n .  
( w i t h  an average  v a l u e  of  0.35 and w i t h  a maximum v a l u e  of 0.65 a t  cen- 
t e r  of  r e a c t o r ) ,  the peak tempera ture  f o r  t h e  same o v e r - a l l  f r ee - f low 
r a t i o  was reduced t o  2600° R.  Thir; 400' d i f f e r e n c e  between peak t e m -  
p e r a t u r e  and r e a c t o r  e f f e c t i v e  w a l l  t e n p e r a t u r e  would. roughly  l i m i t  the  
la t te r  t o  a va lue  of  2000° R ( f ig .  9)  i f '  s t a i n l e s s  s teel  were requ i r ed  
i n  the  r e a c t o r .  The peak w a l l  t empera ture  could a l s o  be reduced by us- 
i n g  a more f a v o r a b l e  uranium d i s t r i b u - t i o n  a t  the expense of greater 
uranium investment;  t h i s  c a l e u l a t l o n  was beyond t h e  scope o f  the p r e s e n t  
r e p o r t .  

By u s i n g  a s i n u s o i d a l  f ree- f low v a r i a t i o n  

The c a l c u l a t e d  uranium investments  are f o r  the c l ean  h o t  co re .  If 
a r e a c t o r  l i f e  o f  6 hours  is assumed, an i n i t i a l  excess r e a c t i v i t y  of  
0.014 must b e  b u i l t  i n t o  the  r e a c t o r  t o  coun te rac t  the poison bui ld-up  
and f u e l  burn-up i n  t h i s  p e r i o d .  Th i s  r e q u i r e s  an inc rease  i n  uranium 
concen t r a t ion  of  about  8 p e r c e n t .  Therefore ,  the  uranium investments  
shown i n  t he  f i g u r e s  he re in  should be 3ncrPased by about  8 t o  10 pe r -  
c e n t  t o  account  f o r  poisoning,? f u e l  burn-up, and c o n t r o l .  

S M Y  OF RESULTS 

Uranium investment ,  gross weight ,  8nd corresponding r e a c t o r  opera-  
t i n g  c o n d i t i o n s  are c a l c u l a t e d  for a h i g h - a l t i t u d e ,  low-temperature,  
nuclear-powered, ram-jet missi le .  S t u d i e s  are made f o r  a l t i t u d e s  o f  
50,000 t o  80,000 feet ,  f l i g h t  Mach numbers of 2.5 and 3.0, a r e a c t o r  
e f f e c t i v e  wall t empera ture  o f  1800O R ,  and an ass igned  pay l o a d  of  
10,000 pounds. 
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'Reac tor  
free- 
f low 
r a t i o  

0.45 
.52 
.57 

0.50 
.59 

9 

Reac tor  
inlet -ai r  

Mach 
number 

0.30 
.28 
.30 

0.28 
.28 

w 
-4 
u1 
-4 

C a l c u l a t i o n s  t o  determine the effect  of r e a c t o r  ope ra t ing  condi- 
t i o n s  and f l i g h t  cond i t ions  on ram-jet performance i n d i c a t e  tha t  

(1) The r e a c t o r  ope ra t ing  cond i t ions  g i v i n g  the "best" combination 
of low gross weight and low uranium investmeut a t  va r ious  f l i g h t  condi- 
t i o n s  are as fo l lows :  

50,000 2.5 32,100 
60,000 45,400 
70,000 82,400 

60,000 3.0 37,500 
70,000 63 9 700 

Uranium 
investment 

(hot  c lean  co re )  
l b  

29.9 
46.2 

222 .o 

34.6 
81.3 

( 2 )  For an a l t i t u d e  of 80,000 feet  and a f l igh t  Msch number of 3.0, 
the r e a c t o r  effective w a l l  t e e e r a t u r e  must be increased  t o  at least 
2300' R t o  obta in  a missile w i t h  r easonab le  gross weight and uranium 
investment .  

Ca lcu la t ions  t o  determine the s e n s i t i v i t y  of performance t o  basic 
assumptions f o r  an a l t i t u d e  of 50,000 feet and a f l i g h t  Yach number of 
2.5 i n d i c a t e  that 

(1) A dec rease  i n  l i f t - t o - d r a g  r a t i o  Prom 5.21 t o  4.0 had l i t t l e  

The lowest  t o l e r a b l e  v a l u e  of l i f t - t o -  
effect  on uranium investment;  the  corresponding gross weight increased  
from 32,000 t o  65,000 pounds. 
d r a g  r a t i o  w a s  about  3.5. 

(2)  An i n c r e a s e  in s t ruc ture- to-gross-weight  r a t i o  of 50 pe rcen t  
had no appreciable e f f e c t  on uranium investment and increased  the gross 
weight  from 32,000 t o  40,000 peunds.  

(3) An i n c r e a s e  i n  pay load  from 10,000 t o  20,000 pounds had a 
n e g l i g i b l e  e f f e c t  on uranium investment ,  The g r o s s  weight, which w'as 
approximately p r o p o r t i o n a l  t o  pay load ,  increased  f'rom 32,000 t o  63,000 
pounds. 
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(4) Lowering the r e a c t o r  effective w a l l  temperature  from 1800' t o  
1600' R inc reased  t h e  uranium investment by abou t  75 p e r c e n t  and t h e  
gross weight by 150 p e r c e n t .  
gave a p r o h i b i t i v e  i n c r e a s e  i n  uranium investment and gross weight .  

A f u r t h e r  r educ t ion  i n  w a l l  temperature  

Lewis F l i g h t  P ropu l s ion  Laboratory 
Na t iona l  Advisory Committee for Aeronaut ics  

Cleveland, Ohio, J u l y  22, 1955 

1. Rom, Frank E.: Ana lys i s  of a Nuclear-Powered Ram-Jet Missile. NACA 
RM E54E07, 1954. 

tc 

M 
2 

2 .  S t a r r ,  Bo l l ay ,  Rice,  and Waite: F e a s i b i l i t y  of Nuclear Powered 
Rockets and Ram-Jet's. NA-47-15, North Am. Avia t ion ,  I n c . ,  1947. 
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__-l_l -- 
F l i g h t  Mzch number 
b l t i t u d e ,  f t  
Reac to r  free-fl ow r a t ?  o 
Reactor  e f f e c t i v e  w s  Ll tewperatu-e,  % 
Reactor  i n l e t - a i r  t emperamre ,  CR 
Reac to r  o u t l e t - a j r  temperature ,  "R 
Reac to r  i n l e t - a i r  Mac9 number 
Reac to r  o u t l e t - a i r  Mach number 
Reactor  p r e s s u r e  r a t i o  
Length-diameter r a t i o  ( d i f P J s e r )  
Length-diameter r a t i o  (body c e n t e r  s e c t i o n )  
LeEgth-diameter r a t i o  (nozzle)  
Thrus t / l b  a i r  
Thrus t  minus body drag/ lb  air 
Length-diameter r a t i o  ( tubes )  
Thrus t  minus body d r a y l l b  r e a c t o r  
Gross weight,  11, 
A i r  f low,  lb / sec  
Wing s u r f a c e  a r e a ,  sq f t  
Wing span ( inc lud ing  body),  9t 
Body t o t a l  l e n g t h ,  f t  
Reactcr h e a t  release, Ucu/sec 
L i f t - d r a g  r a t i o  (ove r -a l l )  
S t r u c t u r e  (wing p l u s  body shell) t o  gross 

weight  r a t i o  
Reactor  diameter ,  f t  ' Reac to r  l eng th ,  f t  
Uranium investment lb  
Weight breakdown : 

Wing and t a i l ,  lb 
1 Body she l l ,  l b  

Reactor ,  lh 
~ Pav load .  l b  

TABU3 I. - REACTOR AND MISSILE 013RATTNG COIDSTTORS GIYEN "BEST" COMBINATSON OF LOW GROSS 

WEIGRT AM, LOW UFL4NIUM I m S m W  AT EACH AJ>TITIE -4ND FLIGHT MACH NUMBER 

Asbumptions : Reactor e f f e c t i v e  w a l l  temperature  1800° .R 
Reactor  o u t l e t - a i r  tempera.tur*e, chcke v a l u e  minus 90" R 
Pay load, 10,Oo'J l b  
D i f f u s e r  p re s su re  recovery,  0.825 ( a t  f i i g h t  Mach number = 2.5) 
D i f f u s e r  p re s su re  recovery,  C.675 (at f l i sh t  Mach number = 3.0) 
I?ozzls v e l o c i t y  c o e f f i c i e n t ,  0.97 
Beryllium- oxide model-ator 
No s t a i n l e s s  s tee l  i n  r e a c t o r  ::ore 

I- 

2 -5 

.45 
1800 
383 
i467 
.30 
.565 
.763 
2.78 
2 .oo 
1.29 
14.9 
8.98 
104 
.I99 

32,100 
397 
165 
25.7 
37 .I. 

59,000 
5.21 

.131 
6.11 
4 -31 
29.9 

1280 
2310 

17,910 
10,000 

50,000 

-- 

2.5 
60 , 000 

-52 
1 800 
6,03 
152 7 

.zs 
.543 
.74E 
2.53 
2 .oo 
.92 

16.4 
11.6 
100 
,198 

45,400 
474 
411 
36.9 
44.3 

77 J 900 
5.83 

. s73. 
8.12 
4.17 
46.2 

31.80 
4610 

27,610 
10,000 
._I- 

2.5 
70,000 

.57 
1800 
883 
1467 
.30 
.565 
.759 
1.99 
2 .oo 
.30 

14.9 
11.5 
79 

.187 
82,400 

077 
1200 
65.7 

130,000 
6.32 

.223 
13 .@ 
3.29 
222 

YO60 
9300 

54,040 
10,000 

55.a 

-- 

3 .0 
EO, 000 

.50 
1800 
1097 
1625 
.28 
.470 
.766 
1.65 
2 .oo 
.01 

12 .I 
9.14 
11 7 
.203 

37,500 
529 
258 
31.4 
25.5 

72,600 
5.84 

.lo1 
6.37 
4.87 
34.6 

1500 
2280 

23,720 
10,000 

3 .O 
70,000 

.59 
1800 
1097 
1625 
.28 
-470 
.766 
1.04 
2 .oo 
.78 

12.1 
9.34 
106 
.192 

63,700 
899 
720 
51.4 
40.6 

24,000 
5.83 

,l57 
10.6 
4.43 
81.3 

4460 
5540 

43,700 
10,000 
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I 1 300 i . 
I 9"Best"  operating condition: 

reactor  d Tee-flow r a t i o ,  
0.45; reac tor  i n l e t - a i l  H Mach number, 0.30. 1 

I 1 ot tBes t"  opersting condition: 
reactor  free-flow r a t i o ,  
0.52; reactor  i n l e t - a i r  

I Mach number, 0.28. 

.40 .42 .44 .46 .48 .50 .52 
Reactor free-flow r a t i o  

( a )  Alt i tude,  50,000 f e e t ;  f l i & h t  (b) A-ltitude, 60,000 fee t ;  
Mach number, 2 . 5 .  f l i g h t  Mach number, 2.5. 

Figure 2 .  - Uranium investment and missi le  gross weight as  function 
of reactor  free-flow r a t i o  a d  reactor  i n l e t - a i r  Mach nmber .  
Reactor o u t l e t - a i r  temperature, choke value minus 90°j reactor  
e f f e c t i v e  w a l l  temperature, 1800' R j  pay load, 10,000 poundsj 
no s t a i n l e s s  s t e e l  i n  reac tor .  
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Reactor 
i n l e t - a i l  

number 

3"Best" operating condition : 
reac tor  free-flow r a t i o ,  
0.57; reac tor  i n l e t - a i r  
Mach number, 0.30. 

1- 
I 

0"Best" operating condition: 
reac tor  free-fldw r a t i o ,  
0.50; reac tor  i n l e t - a i r  
Mach number, 0.28. 

Reactor free-flow r a t i o  

( c )  Alt i tude,  70,000 f e e t ;  (a) Alt i tude,  60,000 f e e t ;  
f l i g h t  Mach number, 2.5. f l i g h t  Mach number, 3.0. 

Figure 2. - Continued. Uranium investment and missi le  gross weight 
as function of reac tor  free-flow r a t i o  and reac tor  i n l e t - a i r  Mach. 
number. Reactor o u t l e t - a i r  temperature, choke value minus 90°j 
reac tor  e f fec t ive  w a l l  temperature, 1800' R j  pay load, 10,000 
pounds; no s t a i n l e s s  s t e e l  i n  reactor .  

? 

CJ 

U - 
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I 

300 

200 

100 

0 

Reactor free-flow ratio 

(e) Altitude, 70,000 feetj flight Mach number, 3.0. 

Figure 2. - Concluded. Uranium investment and missile 
gross weight a6 function of reactor free-flow ratio 
and reactor inlet-air Mach number. Reactor outlet- 
air temperature, choke value minus 90°j reactor 
effective wall temperature, 1800° Rj pay load, 10,000 
pounds; no stainless steel in reactor. 
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3 00 

2 00 

100 

n 

Figure 3. - Uranium investment and missile 
gross weight as function of altitude and 
flight Mach number for values of reactor 
free-flow ratio and reactor inlet-air Mach 
number giving "best" combination of l o w  
gross weight and l o w  uranium investment. 
Reactor outlet-air temperature, choke value 
minus 9 O 0 j  reactor effective w a l l  tempera- 
ture, 18000 Rj pay load, 10,000 pounds; no 
stainless steel in reactor. 
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(a) Flight Mach number, 3.0. 
f: 

50 60 70x10’ 
Altitude, ft 

(b) Flight Mach number, 2.5. 

Figure 5. - Ram-jet missile-weight breakdown 
as function of altitude and flight Mach num- 
ber for values of reactor free-flow ratio 
and reactor inlet-air Mach number giving 
“best“ combination of low gross weight and 
l o w  uranium investment. Reactor outlet-air 
temperature, choke value minus 90° j reactor 
effective wall temperature, 1800~ ~j pay 
load, 10,000 pounds; no stainless steel in 
reactor. 

NACA RM E55G21 
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Figure 6. - Uranium Investment and missile gross ' 
weight as function of airplane lift-to-drag ratio 
for an altitude of 50,000 feet and flight Mach 
number of 2.5. Reactor free-flow ratio, 0.45j 
reactor inlet-air Mach number, 0.30j reactor 
outlet-air temperature, choke value minus 90°j 
reactor effective wall temperature, 1800' Rj 
pay load, 10,000 wmdsj no stainless steel 
in reactor. 
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Figure 8. - Uranium investment and missile gross 
weight as function of pay load for an altitude 
of 50,000 feet and flight Mach number of 2.5. 
Reactor free-flow ratio, 0.45j reactor inlet- 
air Mach number, 0.30; reactor outlet-air tem- 

. _. perature, choke value minus 90°; reactor effec- 
tive wall temperature, 1800° Rj no stainless 
steel in reactor. 
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Figure 9. - Uranium investment and missile gross weight as function of 
reactor effective wall temperature for an altitude of 50,000 'feet and 
flight Mach number of 2.5. 
Mach number varied to give "best" combination of low uranium investment 
and low gross weight at each value of wall temperaturej reactor outlet-air 
temperature, choke value minus 9Qoj pay load, 10,000 poundsj no stainless 

Reactor free-flow ratio and reactor inlet-air 
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steel in reactor. 
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